extracellular serine protease (SP) cascade. Drosophila melanogaster has been a useful 23 genetic model for dissecting insect immune signaling, but understanding these 24 proteolytic cascades has been complicated by the large number of SP genes, possibly 25 with redundant function. Taking advantage of recently-generated null and compound 26 mutants, we re-investigated the role of SPs involved in the melanization response in D. 27 melanogaster and discovered phenotypes previously concealed in single mutant 28 analysis. We found that two of them, Hayan and Sp7, can activate the melanization 29 response in two different manners: Hayan is required in the local blackening of wound 30 sites, while Sp7 regulates an alternate melanization reaction responsible for the 31 clearance of septic infections with Staphylococcus aureus. We present evidence that 32 both Sp7 and Hayan regulate the Toll NF-κB pathway. Sp7 is regulated by canonical 33
Toll signaling downstream of PGRP-SA, ModSP, and Grass, leading to control of septic 34 upstream protease. This sequential cleavage shapes the immune response by 48 providing a link between recognition and the induction of effectors (Lemaitre and 49 Hoffmann, 2007) . In Drosophila, the Toll pathway mediates resistance to Gram-50 positive bacteria and fungi by regulating a subset of antimicrobial peptides in the fat 51 body. Unlike mammalian Toll-like receptors that function as pattern recognition 52 receptors, the Drosophila Toll receptor does not interact directly with microbial 53 determinants and is instead activated by a cleaved form of the secreted molecule 54 Spätzle (Spz) (Lemaitre et al., 1996; Weber et al., 2003) . The immune-regulated CLIP-55 domain SP Spätzle processing enzyme (SPE) has been identified as the terminal SP 56 that cleaves Spz (Jang et al., 2006) . Genetic analysis supports the existence of two 57 complex cascades that link microbial recognition to activation of SPE: the pattern 58 recognition receptor (PRR) and Persephone (Psh) pathways. In the PRR pathway, 59
PRRs involved in the sensing of Gram-positive bacteria (GNBP1 or PGRP-SA) or fungi 60 (GNBP3) bind to their respective microbial ligands to activate an upstream SP, ModSP, 61 which then leads to the activation of the SP Grass, leading to the maturation of SPE 62 (Buchon et al., 2009; Chamy et al., 2008; Gobert, 2003; Gottar et al., 2006) . In the Psh 63 pathway, infectious agents are detected directly through the cleavage of the protease 64 bait region of the SP Psh by microbial proteases, leading to Spz cleavage by SPE (Issa 65 et al., 2018) . 66 67 illustrated by the observation that PPO1 Δ ,2 Δ flies show no defect in Toll or IMD pathway 135 activation after S. aureus infection. Compared to wild-type flies, they even show a ~7x 136 higher expression of the Toll-activity readout Drosomycin (Drs) as well as ~8x higher 137 expression of the IMD-activity readout Diptericin (Dpt) (Fig. S1A,B) , likely due to 138 unconstrained bacterial growth. To rule out the involvement of hemocytes in the 139 resistance to S. aureus, we produced hemoless flies using a plasmatocyte-specific gal4 140 (hml Δ -Gal4) to express the pro-apoptotic gene bax (Defaye et al., 2009) , and 141 additionally examined eater-deficient flies who exhibit a defect in S. aureus 142 phagocytosis (Bretscher et al., 2015) . In both cases, hemoless and eater deficient flies 143 survived like the wild-type ( Fig. S1C ). Our results contrast with previously published 144
data showing that hemocytes are critical to survive S. aureus infections via 145 phagocytosis (Defaye et al., 2009; Garg and Wu, 2014) . We attribute this discrepancy 146 to using a low dose of S. aureus that is controlled specifically by the melanization 147 response but not phagocytes. 148
Cytotoxic by-products of the melanization reaction include reactive oxygen species 149 (ROS) (Nappi et al., 2009 ). We investigated the role of ROS during S. aureus infections 150 by measuring H2O2 levels in whole fly lysates using a fluorimetric approach. We did not 151 see a change in H2O2 levels over a time-span of 6 hours following S. aureus infection 152 in wild-type flies. Interestingly, PPO1 Δ ,2 Δ flies show a non-significant but consistent 153 reduction in H2O2 levels compared to wild-type flies (Fig. S1D) . 154
Taken together, these results demonstrate that the melanization response is critical to 155 resist a low dose of S. aureus infection consistent with a previous study (Binggeli et al., 156 2014 ). Furthermore, our S. aureus infection model provides a sensitive assay to 157 characterize the role of melanization in resistance to infection. 158 159 Sp7 but not Hayan nor MP1 are required to resist S. aureus infection 160
Using this low dose S. aureus infection model, we analyzed the role of three SPs (MP1, 161
Sp7 and Hayan) that were previously described to be involved in melanization. For this, 162
we used a newly generated CRISPR null mutant for MP1 (MP1 SK6 , this study), and null 163 mutants for Sp7 and Hayan (Sp7 SK6 , Hayan SK3 , Dudzic et al., 2015) . Contradicting a 164 previous report that used an in vivo RNAi approach (Tang et al., 2006), we did not 165 observe any overt defect in Toll and PPO activation in MP1 deficient flies, whose 166 immune phenotype characterization is further described in Fig. S2 . We therefore 167 focused our attention on the respective roles of Hayan and Sp7. Surprisingly, only Sp7 168 mutants phenocopy the susceptibility of PPO1 Δ ,2 Δ flies against S. aureus, while Hayan 169 deficient flies behave like wild-type ( Fig. 2A ). By injecting GFP-producing S. aureus in 170 flies lacking these serine proteases, we observed that Sp7 SK6 flies fail to restrict S. 171 aureus growth first locally after 18 h, then systemically after 24 h ( Fig. 2C, arrows) . In 172 contrast, Hayan SK3 flies show no increase in GFP signal over time, indicating that S. 173 aureus proliferation is controlled as in the wild type ( Fig. 2D, arrows) . 174
These results were surprising since Hayan, but not Sp7 mutants have reduced 175 melanization at the wound site (hereon referred to as the "blackening" reaction) after 176 clean injury (CI) ( Fig. S2A ) and S. aureus (Fig. 2C Hayan. To disentangle the deposition of melanin from the melanization reaction as a 193 whole, we will use 'blackening reaction' to refer to melanin deposition and 'melanization 194 response' to refer to PPO-derived activities as a whole, which includes the blackening 195 reaction. 196 197
Sp7 and Hayan regulate PPOs differently 198
Melanization is a reaction that can be triggered by clean injury or by the presence of 199 microbial products. To further explore the relationship between the blackening reaction 200 and the two SPs, we compared the blackening reaction at the wound site upon clean 201 injury or septic injury with the avirulent Gram-positive bacterium Micrococcus luteus. 202
For this, we categorized the blackening reaction of the cuticle into three levels: strong, 203 weak and none. An example for each category is given in Fig. S3 . For wild-type w 1118 204 flies, after clean injury 91.8% blacken strongly and 8.2% blacken weakly. This ratio 205 shifts slightly for Sp7 mutants (66.6% strong, 30.6% weak, 2.8% none, p = 0.008, Fig in PPO1, and to a lesser extent PPO2, reduce melanization upon both clean and septic 219 injury . Here, PPO1 Δ ,Sp7 SK6 and PPO2 Δ ,Sp7 SK6 retain a 220 blackening reaction, only slightly reduced compared to PPO1 Δ or PPO2 Δ alone (data 221 not shown). This indicates that Sp7 is not essential for the blackening reaction, and that 222
Hayan (or another SP) can activate either PPO1 or PPO2 in the absence of Sp7 ( Fig.  223 3B). In contrast, Hayan SK3 ;PPO1 Δ double mutants fail to blacken, even upon septic 224 injury with M. luteus, which is not the case for Hayan SK3 ;PPO2 Δ (Fig. 3B ). As Hayan is 225 not responsible for the additional blackening we see upon septic injury ( Fig. 3A red) , 226 this indicates that another SP acts on PPO1, possibly Sp7, after exposure to Gram-227 positive bacteria. Finally, we observed that flies, double mutant for both Hayan and Sp7 228 have strongly reduced but still detectable levels of the blackening reaction ( Fig. 3C) . 229
This suggests the existence of a third, although minor, branch for activating PPO that 230 leads to blackening of the wound site. A summary of these results is shown in Table 1 . 231
Together, these results demonstrate that cuticle blackening after clean injury relies 232 strongly on the presence of Hayan, acting through both PPO1 and PPO2. In the 233 absence of Hayan, cuticle blackening can be partially restored by septic injury with the 234 for their role in resistance to S. aureus. Only ModSP 1 and Grass Herrade mutant flies die 256 at similar rates to PPO1 Δ ,2 Δ , GNPB1 Osiris and PGRP-SA seml flies ( Fig. 5A ). We conclude 257 that a subset of the extracellular components functioning upstream of the Toll ligand, 258 namely PGRPS-SA, GNBP1, ModSP and Grass, regulate a mechanism of resistance 259 to S. aureus that is independent of intracellular Toll signaling. A hypothesis to reconcile our data is that the PRRs GNBP1 and PGRP-SA activate 264
ModSP and Grass, which branch out to activate the melanization pathway. This is 265 consistent with studies in other insects that have shown that melanization is controlled 266 by the same SPs that regulate Toll ( Additionally, no effect on the activation of the Toll pathway could be observed in in Sp7 291
nor Hayan mutant flies upon Candida albicans infection ( Fig. S4A ). We conclude that 292
Hayan and Sp7 alone are not required for Toll pathway activation by bacteria or fungi. 293 294
Evidence of a close evolutionary relationship between Hayan and Psh 295
Hayan and the Toll-regulating SP psh are only 751 bp apart on the D. melanogaster X 296 chromosome. This stimulated us to investigate the possible relationship between 297
Hayan and Psh. We performed a phylogenetic analysis of all D. melanogaster CLIP-298 domain SPs listed in Veillard et al. (2015) using protein sequences from the conserved 299 catalytic domain. We found that Hayan and psh form a closely-related monophyletic 300 lineage amongst CLIP-domain SPs ( Fig. 7 A) . Interestingly, it appears that psh is a 301 lineage-restricted duplication found only in Melanogaster group flies, arising from an 302 ancestral Hayan gene, the latter being conserved across the genus Drosophila ( Fig. 7B  303 and Fig. S5A ). We found that the Psh protease "bait region", a region prone to cleavage 304 by pathogen proteases (Issa et al., 2018) , is also present in Hayan (Fig. S5B) . 305
Furthermore, we recovered a striking similarity in transcript structure of psh-RA and 306
Hayan-RA, where alternative splicing excludes the fourth exon found in Hayan-RB and 307
Hayan-RD ( Fig. 7 C) . This 4 th exon encodes a "Hayan-exclusive domain," not found in 308 The duplication producing Hayan and psh is quite recent raising the possibility that both 327 genes share an overlapping function that would be masked in single mutant analyses. 328
This prompted us to analyze the combined effect of Hayan and psh mutations by 329 generating a deficiency that removes both genes by CRISPR referred to as Hayan-330 psh Def . In these experiments, we also use a newly generated null psh SK1 mutants. 331
Hayan-psh Def mutant flies are viable and show no overt morphological defects. 332
Strikingly, we found that Hayan-psh Def flies fail to activate the Toll pathway upon M. 333 luteus infection in contrast to single mutants ( Fig. 6 B) . Similarly, Hayan-psh Def mutants 334 also fail to activate Toll after C. albicans infection and Bacillus sp. protease injection 335 ( Fig. S4B,C) . Interestingly, while Hayan SK3 mutants show wild type levels of Drs 336 expression after protease injection, psh SK1 flies suppress Drs to ~35% of wild-type 337 levels. Only in the simultaneous absence of both Hayan and Psh is Drs expression 338 suppressed to spz rm7 levels (Fig. S4C ). This suggests that Hayan also contributes to 339 the Psh pathway. Thus, both Hayan and Psh, redundantly regulate the Toll pathway 340 downstream of PRRs. We note that Hayan and Psh cluster phylogenetically with the 341 SP Snake (Fig. 7A ), a protease that in dorso-ventral Toll signaling cleaves the terminal 342 observed that Sp7 mutants that are susceptible to S. aureus have reduced H2O2 levels 387 in total fly lysates, but this difference was not significant (Fig. S1E , p = 0.1). It is 388 tempting to speculate that ROS or other cytotoxic intermediates contribute to host 389 resistance to microbial infection, while melanin deposition is involved in host protection 390 by acting as a ROS sink as proposed by other authors (Nappi et al., 2009; Riley, 1997) . We note that spz rm7 deficient flies have lower Drs levels than any other mutants, except 449
Hayan-psh Def mutants. As SPE mutants still express a residual level of Drs upon septic 450 injury with M. luteus (Fig. S4D ), there is likely another SP with the ability to process Following this bait region, the Hayan and Psh pre-catalytic domain is remarkably well-980 conserved, with some lineage-specific additional sites directly upstream of the 981 Peptidase S1 catalytic domain. 982 
